ABSTRACT To enhance the stability of a micro-grid under fault conditions, this paper proposes the coordination control of a superconducting magnetic energy storage (SMES), an active superconducting fault current limiter (SFCL), and distributed generation units via wireless network communications. This coordination control can smoothly separate the micro-grid from the main network in the case of severe or permanent faults, and assist the micro-grid to achieve the fault ride-through (FRT) operation if the fault is minor or temporary. Details on the modeling, control strategy, and network architecture are presented. Moreover, the simulation analysis of a 10-kV class micro-grid including the SMES, SFCL, and photovoltaic generation units is implemented in MATLAB. Concerning the performance evaluation of the coordination control not only the severe and minor faults but also different communication delays are taken into account. The results confirm the effectiveness of the proposed coordination control.
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I. INTRODUCTION
In regards to the use of superconducting power devices in electric power systems, superconducting magnetic energy storage (SMES) and superconducting fault current limiter (SFCL) are two representatives, and both of them have great potentials to enhance power system stability [1] , [2] . SMES and SFCL can be deployed not only in high-voltage main networks, but also in low-voltage micro-grids [3] - [5] , which are usually to integrate and maximize the utilization of distributed generation units. Due to continuous increasing penetration levels and power exchanges, it is crucial to guarantee the stability of a high penetration micro-grid, especially when short-circuit faults occur. Actually, for that a microgrid should transfer to the island mode from the original grid-connected mode in case of a severe fault, there are some critical challenges existing for the micro-grid's stable operation, such as a relatively low system inertia to deal with the power unbalance. Therefore, it is essential to carry out an effective voltage and frequency regulation in the event of that the micro-grid operates in the island mode, otherwise, the deviations in the micro-grid's voltage and frequency may be out of the tolerance range along with the increase of the power unbalance.
Respect to this issue, introducing a SFCL for the microgrid enables to limit the fault current and mitigate the voltage sag when the micro-grid is under the progress of the mode transfer, and at the moment of the island mode being achieved, the fault current surge can be decreased, and the recovery process of the micro-grid voltage may be accelerated. Further, using a SMES for the micro-grid is to offer the subsequent active and reactive power compensation, and it can provide the references of voltage and frequency to stabilize the micro-grid's performance behaviors. From this viewpoint, the combined use of SMES and SFCL could provide better micro-grid control capability by taking advantage of strengths of the both devices.
A brief literature review on the micro-grid's stability and the combined use of SMES and SFCL is given as follows. In [6] and [7] , the stability indexes such as clearing time and frequency grid code violation time are defined, and the small-signal stability analysis is performed for a micro-grid. In [8] and [9] , a fault ride-through (FRT) control strategy and a low-pass-based damping method are proposed for the stability improvement of a micro-grid, but the performances of the two software solutions highly rely on the converter's capability. In [10] , a distribution static synchronous compensator is introduced as a hardware solution; however, its effectiveness under some severe fault conditions can be further improved. In [11] - [13] , the combined use of SMES and SFCL in a traditional power grid with a wind farm has been validated, but few details are related to a micro-grid. Our research group has preliminarily conducted the coordination study of a flux-coupling type SFCL and a SMES for a micro-grid [14] . Although this technical idea has been proved feasible, the preliminary study has not addressed the distributed generation coordinated action and the data communication architecture. In addition, using a SFCL basedpower-electronics may be more preferable to achieve a more efficient coordination among SMES, SFCL and distributed generation units.
In this paper, a feasible coordination control of the SMES, SFCL and multiple distributed generation units is proposed for a micro-grid, and it is expected to enhance the microgrid's robustness against short-circuit faults. Specifically, a voltage compensation type active SFCL is selected, and the utilization of wireless network communications as well as the difference of fault severities are investigated.
II. THEORETICAL ANALYSIS
From FIGURE 1, the micro-grid includes a SMES unit, an active SFCL, two solar PV generators, and two static power loads. A coordinated control center is configured, and here a bidirectional data exchange with SMES/SFCL/distributed generation units and a unidirectional data exchange with loads can be achieved using the wireless network. 
A. MODELING, CONTROL, AND DESIGN OF THE SMES
Compared to other types of energy storage devices, the selection of SMES can offer the following technical advantages: fast response, high efficiency, high energy density, great controllability and unlimited number of charging and discharging cycles, and introducing a SMES for a micro-grid can contribute to controlling the constant power flow at the point of common coupling (PCC), frequency, and voltage of the micro-grid [3] , [4] , [15] . A SMES unit mainly consists of three parts: voltage source converter, a direct-current chopper circuit, and a superconducting magnet [16] . FIGURE 2 shows the control diagram of the SMES. When the micro-grid is normally connected to the main network, the SMES operates in the active and reactive power control (P-Q control) mode to achieve an expected power tracking [17] . The voltage source converter's mathematical model is expressed as: DC side; L is a connecting inductance. Thus, the current control equation of the voltage source converter can be expressed as: When the micro-grid switches to its islanded mode, the voltage-frequency (V-F) control of the SMES will be activated to stabilize the micro-grid. Here, the voltage deviation δE and the frequency deviation δω are calculated, and then they will be sent to the V-F control regulator for production of the driving signals. From FIGURE 2 (a), the control transfer between the P-Q and the V-F modes is handled by the coordinated control center.
Considering that the micro-grid is generally connected to the distribution network, the power exchange can be as high as several kW to several MW, and the characteristics of the micro-grid are quite different from those of a highvoltage power transmission grid. Thus, it is recommended to introduce the SMES and meanwhile to consider its technoeconomics. In a sense, the design of the superconducting magnet is critical. According to the two kinds of superconducting tapes from our lab, a preliminary design of the superconducting magnet is explored. Based on the product manual, the BSCCO tape (4.5 mm width × 0.36 mm height, I c = 180 A) is made by Sumitomo Electric, and the YBCO tape (4.8 mm width × 0.2 mm height, I c = 90 A) is made by AMSC. FIGURE 2(b) shows the schematic structure diagram of the superconducting magnet, which is treated as a hybrid magnet including both BSCCO and YBCO tapes. From the designed structure, the coils wound by the BSCCO tapes are arranged for the head and end of the magnet, and the coils wound by the YBCO tapes are arranged for the middle of the magnet. Under this arrangement, the hybrid superconducting magnet may have a high critical current and sufficient current margin [18] , [19] , so as to enhance its technical and economic properties to a certain extent.
B. MODELING, CONTROL, AND DESIGN OF THE ACTIVE SFCL FIGURE 3(a) indicates the electrical configuration of a voltage compensation type active SFCL (single-phase connection) [20] . This recommended active SFCL is mainly composed of three parts, an air-core superconducting transformer, a voltage-type pulse-width-modulation (PWM) converter, and a LC filter. For the SFCL using superconductors and power electronics, its working philosophy is to control In normal condition, adjusting I 2 is to make the impedance Z SFCL = 0, and using the active SFCL will not affect the relevant system. Under fault condition (Z 2 is shorted to do the current-limiting analysis), the main current will rise from I 1 to I 1f , and the primary voltage will increase to U 1f .
The current-limiting impedance Z SFCL is expressed as [21] :
As the amplitude value and phase angle of the current I 2 can be regulated, three current-limiting modes are basically set:
1) Making I 2 remain the original status,
3) Regulating the phase angle of I 2 to make the angle difference betweenU s and jωM sİ2 be 180
The coordinated center selects a current-limiting mode for the SFCL, and the selection result will be sent to the controller of the converter by the wireless network. In this study, the converter uses a double-loop control strategy [21] , including an outer loop for voltage control and an inner loop for current control. After a series of computations from the referenced signals, the pulse signals are produced to drive the PWM converter.
It should be noted that, the active SFCL is used to suppress the fault current and compensate the voltage sag before the micro-grid is separated from the point of common coupling. The active SFCL offers the following performance advantages: 1) High controllability and flexibility due to the converter. Compared to a simple resistive or inductive SFCL, the active SFCL owns multiple current-limiting modes, and its impedance Z SFCL can be flexibly controlled in terms of different current-limiting requirements. It means that the active SFCL has the abilities of controlling the fault current and compensating the voltage sag within the expected ranges. In particular, the active SFCL's impedance Z SFCL under its current-limiting mode 3 can offer both of resistive and inductive components, and this technical character is helpful to more effectively dissipate the surplus active power and mitigate the power oscillation during the grid faults. 2) Great applicability for different voltage levels owing to the adjustment of the transformer. 3) Excellent linearity of Z SFCL thanks to avoiding the magnetic saturation in the aircore. In addition, there is no iron loss in the air-core superconducting transformer, which may have a comprehensive reduction in the size, weight and harmonic in comparison to a conventional iron-core superconducting transformer [22] . In summary, introducing the active SFCL in the micro-grid offers good potentials for responding to the control commands and participating in the coordinated operation.
Concerning the design of the active SFCL in the microgrid, a possible structure of the air-core superconducting transformer is presented. By use of a simplified way, three individual single-phase air-core superconducting transformers are adopted for their applications in a three-phase type micro-grid. FIGURE 3(b) shows the layout diagram, which is helpful to alleviate the phase-to-phase flux disturbance and save the cooling cost as much as possible [23] , [24] . FIGURE 3(c) indicates the winding arrangement of the single-phase superconducting transformer, whose primary and secondary windings include one or more double pancakes. This staggered arrangement can enhance the superconducting transformer's coupling coefficient and reduce the initial current flowing in the secondary winding [25] . In addition, it is pointed out that the three current-limiting modes provide different capacity demands for the pulsewidth-modulation converter, but the main part of Z SFCL is theoretically determined by the superconducting transformer.
C. CONFIGURATION AND CONTROL OF THE PV UNIT
FIGURE 4 indicates the configuration structure of a PV generation unit connected to the micro-grid. Under normal condition, the boost converter will adopt the maximum power point tracking control to guarantee the PV efficiency. The transistors V T1 ∼V T6 are used to denote the insulated gate bipolar transistors. According to FIGURE 4, the power equation can be conducted as:
where P DC1 is the power stored in the DC-link capacitor C 1 ; P g is the transmission power from the inverter to the microgrid; P PV is expressed as the PV array output. For the loss of the converter is neglected, it can be approximately obtained that P PV = P g = 3V g I g , where V g and I g are indicated as the phase voltage and the phase current, respectively. When the micro-grid meets the short-circuit fault, a voltage drop is usually followed to affect the renewable energy sources. If the behaviors of the PV are reasonably controlled, it can play a positive effect on the micro-grid in return. During the fault, the grid-side power is reduced from P g to P gf , and it is assumed that the DC/DC converter carries on transmitting the maximum power of the PV generation unit into the DC-link. The mathematical equation of the DC-link capacitor can be expressed as:
where V DC1 and V DC1−f indicate the voltage over the DC-link capacitance before and after the fault, and t is the fault duration. Based on (7), V DC1−f can be expressed as:
In light of (8), the voltage drop under the fault enables to cause the power imbalance between P PV and P gf , and a high-amplitude overvoltage may be induced at the DC-link capacitance. One possible solution is to disable the maximum power point tracking control, and the decrease of the power P PV can help to mitigate the power imbalance and avoid the capacitance damage. In addition, the voltage source inverter of the PV is able to offer the reactive current support based on different voltage drop levels. By referring to [26] , the reference of the reactive current I qpv−ref is written as:
where a is constant with the value of 2; V PV is marked as the PV voltage; I n is marked as the inverter's rated current. The reference of the active current I dpv−ref is controlled as the following equation:
Furthermore, the references of the active and reactive power are signified as:
Based on the aforementioned analysis, FIGURE 5 shows the control block diagram of the voltage source inverter of the PV unit. 
D. BASIC COORDINATION PRINCIPLES FOR THE SMES, SFCL AND PV
In respect to the SMES, active SFCL and PV, the coordination control's basic principles for them in the micro-grid are defined as:
(1) When some severe or permanent faults occur, the micro-grid should be separated from the main network, due to the fact that it might lose the ability to provide a stable power exchange under serious or persistent voltage dips, and the coordination is to drive the micro-grid to be separated smoothly and reliably. In accordance with the determined fault types, the coordination center will activate the SMES to achieve the switching from its P-Q control to V-F control, drive the active SFCL to operate in the currentlimiting mode 3, and make the distributed generation units take part in the voltage-frequency regulation. Since the most of distributed generation units are undispatchable dispersed sources, they may appreciatively use virtual synchronous generator technologies or change their original power tracking modes to participate in the stability control [27] - [29] .
(2) When some minor or temporary faults happen, the coordination aims to assist the micro-grid to realize the fault ridethrough (FRT) operation, so as to reinforce power support when the voltage dip is within an acceptable level. In light of the determination of fault severity, the coordination center will make the SMES maintain the original P-Q control, make the active SFCL operate in the current-limiting mode 1, and let the distributed generation units keep the maximum power point tracking control. As the fluctuations of the current and voltage under minor or temporary faults might have certain restricted margins, the coordination control enables to ensure the micro-grid's transient stability by use of this moderate control of the SMES, SFCL and distributed generation units.
In a way, the proposed coordination control is based on a heuristic approach. Nevertheless, the cooperation of the SMES, active SFCL and distributed generation units is systematically taken into account, and even the static power load can be regarded as taking part in the power adjustment due to that the voltage over it is compensated by the SFCL. In fact, no matter the severe fault or the minor fault, there will be a transient process in which the coordinating roles of the SMES, active SFCL and distributed generation units are all utilized. For the severe fault, the transient process VOLUME 6, 2018 indicates the time range after the fault and before the microgrid being separated, and for the minor fault, the transient process denotes the time range of fault ride-through. In the following, a brief discussion on how the SMES, active SFCL and distributed generation units cooperate to keep the power balance is presented.
Under normal state, the power balance of the micro-grid is:
P PV 1 + P PV 2 + P SMES = P Load1 + P Load2 + P ex (12) where P ex is the exchange power between the micro-grid and the main network. As the active SFCL shows a low impedance in normal state, its power loss is ignored in this equation.
For that the fault occurs, the caused PCC voltage sag will directly reduce the power load and the exchange power, which are denoted as P Load1−f , P Load2−f , P ex−f , respectively. Owing to the activation of the active SFCL, it starts to mitigate the PCC voltage drop and leads to the increase of the power load and the exchange power, which are marked as P Load1−f , P Load2−f , P ex−f , respectively. At the same time, the active SFCL can contribute to dissipating the surplus power from the micro-grid towards the main network, and this power is P SFCL . Hence, the power equation of the microgrid under the fault is rewritten as: (13) As P SFCL + P Load1−f + P Load2−f + P ex−f > P Load1−f + P Load2−f + P ex−f , the existence of the active SFCL can obviously relieve the pressure of the SMES and distributed generation units to deal with the power unbalance. Concerning the severe fault, the distributed generation units switch to the non-MPPT control, and the coordination center may acquire a specific power vacancy to determine the power reference for the SMES. Regarding the minor fault, there may be a restricted power vacancy, so the distributed generation units retain the original control and the SMES is to realize the power stabilization.
In light of the aforementioned description, FIGURE 6 shows the basic principles of the control switching under different operation conditions.
E. WIRELESS COMMUNICATIONS AND BRIEF ANALYSIS
In regard to building a data communication network for the micro-grid, the main reason is to achieve the data exchange among the coordination center and the SMES/SFCL/ distributed generation/loads. Wireline and wireless network architectures are two candidates. From the literature [30] - [32] , when the micro-grid includes multiple distributed generation units, power loads and other controllable devices, a WiFi or ZigBee based wireless network may have better technical and economic performances than a fiber-optic wireline network, and the wireless network can serve the natural purpose of the micro-grid due to its great flexibility and low deployment cost. For the preliminary design of the wireless architecture, FIGURE 7 shows the network topology designed for the micro-grid's wireless communications. Each of the micro-grid equipment or those major devices may configure a wireless access point, and thus the bidirectional and unidirectional wireless links between the APs can be formed.
To ensure this information interaction has higher generality, reliability, and scalability, the IEEE 802.11 based wireless network standard can be adopted [33] , [34] . For classifying the information messages broadcasted in the wireless network, two types of key information messages are defined: 1) Status information, which is to describe the status of the individual element or the entire micro-grid, such as normal or faulted condition, open or closed status of the switch located at the point of common coupling (PCC).
2) Control information, which exists between the coordination center and the controllable devices. For the SMES or the SFCL, this control information should be the mode switching command. For the distributed generation units, it may be the power regulation command or the mode switching command.
In other words, the original maximum power point tracking may become invalid.
The control feedback is also needed. In the case of a communication failure, the individual element should have the ability to perform the presupposed function after a time delay based on local information, and this self-operation's priority level will be inferior to the coordination control.
III. SIMULATION STUDY A. SYSTEM MODELING
The simulation model of the micro-grid with the SMES, active SFCL and distributed generation units is built in MATLAB/Simulink, and the validity of the suggested coordination control is assessed. The main simulation parameters are given in Table 1 . Note that, the PV1/PV2 uses the P-Q control and achieves the max output under normal state, and in the case of some severe or permanent faults, the original maximum power point tracking can be replaced by the non-maximum power point tracking, so as to conduct the self-protection and participate in the power regulation. For the modeling of the PV generation unit, please refer to [35] for more details.
The modeling of the static power load in the simulation analysis is based on a resistor element model, and the power equation can be expressed as P load = 3U 2 /R, where U is the phase-voltage over the resistor element, and R is the resistance value of the resistor element.
In respect to the modeling of the SMES, the voltage source converter and the chopper use the standard models from MATLAB element library, and the superconducting magnet is represented by a non-resistive inductance model [36] . For the modeling of the SFCL, the air-core superconducting transformer is emulated by a non-resistive transformer, and a voltage source converter integrated with DC capacitor model is built for the converter.
The selection of the parameters of the SMES and SFCL can basically refer to [37] and [38] , and a detailed optimal design of them will be introduced in other articles. Based on the theoretical analysis of the superconducting devices in Section II, Tables 2-3 show the specifications of the SMES magnet and the air-core superconducting transformer used in the SFCL, respectively. It is expected to lay a preliminary foundation for the optimization study of the device parameters in the future.
B. SIMULATION OF NORMAL CONDITION
When the micro-grid system operates in its normal energy exchanging state, FIGURES 8-9 show the simulation results of the distributed generation power P DG , exchange power P ex , load power P load and three-phase PCC voltage. Regarding this normal case, the active SFCL has no influence on the operation of the micro-grid, and the SMES can maintain the exchange power at the level of 250 kW. As the output of the distributed generation units is larger than the two local power load, the flow direction of the exchange power is from the micro-grid towards the main network. The external characteristic of the micro-grid is equivalent to a power source, whose voltage and frequency will be well supported by the main network.
C. SIMULATION OF SEVERE FAULT
For the description of a severe fault, a three-phase external short-circuit occurs in the main network at t = 1 s, and a small fault resistance with the value of R g = 0.5 is adopted. The PCC switch will open at 120 ms after the fault, and then the micro-grid operates in its islanded state. FIGURES 10-11 show the transient behaviors of the micro-grid without and with the coordination control.
When the coordination control is not applied, the microgrid will only rely on itself to resist this external fault. The active SFCL is not used, and the SMES unit will passively switch to the V-F control mode until the PCC switch finishes the separation from the micro-grid. As the PV units always running under MPPT, it may enlarge the power imbalance.
In the case of that the coordination control is utilized, the coordination center will drive the active SFCL and the SMES to play the corresponding roles, and the PV units can actively adopt the non-MPPT for reducing the power outputs. This is to protect the generation equipment and bring the SMES unit's initiative into full play. From the demonstrated figures, the coordination control of the SMES, SFCL and distributed generation units is able to offer the following contributions for the micro-grid: 1) Maintaining the power balance and accelerating the recovery of the load; 2) Suppressing the PCC fault current and compensating the PCC voltage sag; 3) Reducing the frequency fluctuation and improving the power quality. Table 4 shows the detailed performance comparison of with and without the coordination control.
Note that, when the micro-grid operates in the island mode, the V-F control of the SMES is activated to stabilize the voltage and frequency as much as possible. Nevertheless, there are still a certain control errors (optimizing control parameters may help to alleviate the errors), and the SMES may not completely make the micro-grid's voltage and frequency be constant before and after the mode switching. From the results, the PCC voltage under the islanded mode is increased to 1.28 times of the nominal voltage, and the power load raises to 166 kW not to its normal value (100 kW). For the total output of the distributed generation units, it is also adjusted to 166 kW, and thus a new power balance for the stable condition is achieved under the island mode of the micro-grid. Furthermore, considering that this kind of unplanned mode transfer from grid-connected to island will generally have a short-term duration, the power load is able to timely recover to its nominal level after the re-connected operation is finished.
D. SIMULATION OF MINOR FAULT
For the simulation of a minor external fault, the increase of the fault resistance value is mainly taken into account. In this study, the three-phase external fault is still located near to the main network. The fault occurrence time and the fault resistance are set as t = 1 s and R g = 5 , respectively. After a duration of 120 ms, the minor external fault will be removed. FIGURE 12 shows the operation behaviors of the microgrid under the presupposed minor fault. Owing to the increase of the fault resistance, the transient fluctuations of the load power, PCC voltage and grid frequency will be mitigated as compared to the severe fault, and the coordination of the SMES, SFCL and distributed generation units can easy to assist the micro-grid to realize the FRT operation. There may be a critical fault resistance R gc that is exactly out of the capability area of the coordination mode in accordance with the ''minor'' fault. Thus, the coordination mode for the ''severe'' fault will be applied to the case where the fault resistance is lower than R gc . In view of that the micro-grid is coupled to the power distribution network rather than the power transmission network, the fluctuation range of the fault resistance may be restricted. In respect to a severe fault with lower fault resistance, the value range of the fault resistance may be approximately set as 0∼2 , and once an excessively higher fault resistance should be taken into consideration, its resistance value can be even set as 200 [39] . In our simulation analysis, a simplified design of the critical fault resistance is that R gc = 2 .
Considering both of the severe fault and the minor fault, FIGURE 13 shows the impacts of the coordination control on the dc-link overvoltage of the PV generation (PV1 is selected). Due to the introduction of the coordination, the fluctuation amplitude and duration of dc-link overvoltage are well mitigated. Thus, the whole fluctuation process is greatly smoothed, so as to protect the capacitor from the overvoltage surge. The simulation results agree with the theoretical analysis, and strengthening the safety and stability of the PV generation is helpful to the micro-grid.
E. SIMULATION OF COMMUNICATION DELAY
In this section, different communication time delays in the wireless network are also taken into account, and the related influence on the SMES unit's control switching is studied for the severe external fault (R g = 0.5 ). FIGURE 14 shows the operation characteristics of the micro-grid under different communication delays, and it is noted that the decrease of time delay can ensure the coordination capability. Some follow-up works can be carried out to improve the wireless network's robustness against the communication failures and disturbances.
IV. CONCLUSION
In order to improve the stability of a micro-grid under shortcircuit faults, this paper proposes and investigates the coordination of a SMES unit, an active SFCL, and multiple distributed generation units via the wireless communications. The severe and minor faults are considered, and the impacts of the wireless communication delay on the coordination performance are also studied. The results well demonstrate the effectiveness of the proposed coordination control, and it can maintain the power balance, accelerate the load recovery, suppress the PCC fault current, and mitigate the voltagefrequency fluctuation. Thus, the micro-grid's transient performance is able to be enhanced considerably, and further the technical advantages of the SMES, active SFCL, distributed generation units and wireless communications can be fully utilized.
In the near future, the improvement of the coordination control will be carried out from multiple aspects, such as the parameter optimizations of the SMES and the SFCL, the robustness advancement of the wireless network, the suitableness enhancement of the coordination control for a large micro-grid/test system including several DG resources and control structures. In addition, the current coordination control does not consider the effects of the load dynamics on the transient performance of the micro-grid, and it means that just two static power loads are used. On the one hand, with regard to the necessity of introducing the load dynamics, it may closely depend on whether the current coordination control of the SMES, active SFCL and distributed generation units is enough to stabilize the micro-grid under the fault conditions. On the other hand, if more electrical devices take part in the coordination control, an intelligent coordination method based on multi-agent system technology can be properly applied. Related research results will be reported in later articles. He is currently a Professor with HUST. His current research interests include applied superconductivity and high-voltage technology.
